Introduction
============

Contact lenses (CL) are common and convenient optical aids for correcting visual acuity. The U.S. Centers for Disease Control and Prevention (CDC, Atlanta, GA) recently stated that, regardless of type, CL wear is the largest single risk factor for developing infection \[[@r1]-[@r3]\]. According to the CDC's statement, wearing CL overnight and not cleaning and replacing storage cases frequently are some of the key behaviors that increase the risk for keratitis \[[@r3]-[@r5]\]. Orthokeratology contact lenses (OK) are designed using reverse-geometry rigid gas-permeable CL for temporarily flattening the central cornea after overnight wear, thus effectively molding the cornea to reduce myopia and astigmatism \[[@r6],[@r7]\]. OK have become increasingly popular for pediatric myopic control in areas with a high prevalence of myopia \[[@r8],[@r9]\]; however, safety concerns related to their use remain. Several studies have reported an association between OK wear and microbial keratitis (MK) \[[@r10]-[@r13]\]. The microbial contamination (bioburden) of the CL/OK system has been proposed to be an important causal factor of MK \[[@r14]-[@r19]\] and is generally high in the OK system \[[@r20]\]. The lens storage case is the most frequently contaminated item in the lens care system \[[@r14],[@r18],[@r21]\]. Furthermore, an association between cultures of corneal scrapings and CL storage case fluids has been observed in cases of CL-related MK, suggesting that case fluids may be useful for identifying pathogens in patients with negative corneal scraping results \[[@r22],[@r23]\]. Therefore, assessing lens case contamination may provide information about microbes with the potential for transfer to the lens surface and ultimately to the ocular surface \[[@r24],[@r25]\].

Quantification of the overall level of bacterial contamination may be more valuable than identification of individual bacteria in the assessment of lens care quality. For example, *Pseudomonas aeruginosa*, the most common pathogen causing CL-related MK, has been recognized in the normal flora of CL wearers \[[@r26]\]. Therefore, we previously proposed that the total bioburden, determined as the colony-forming units per milliliter (CFU/ml) of all isolated bacteria, in a lens care system could be used as a key indicator of lens care quality \[[@r20]\].

Culture-based assessment of the bioburden is a time-consuming process and may fail in the presence of fastidious microbes. To solve this problem, our study group previously proposed a dot hybridization model for assessment of the bacterial bioburden. This model showed good correlation with the bacterial bioburden determined by culture and could effectively classify the contamination level into different grades with high sensitivity and specificity \[[@r27]\]. However, some laboratories may not be able to adopt this technique given that it requires use of a spotter and is relatively costly. Therefore, we here evaluated the application of PCR gel electrophoresis, a common and popular laboratory technique, as an alternative method for determining the bacterial bioburden. This method is easy to implement and may be suitable for the rapid assessment of lens care quality in combination with digital image analysis. The aim of this study was to elucidate the efficacy of PCR gel electrophoresis combined with standardized digital image analysis as an alternative approach to culture-based methods for assessing the bioburden of lens case fluid in determining pediatric OK care quality.

Methods
=======

Subjects
--------

Subjects were included in this prospective study if they had undergone OK treatment (Euclid Systems Orthokeratology, Euclid Systems Corporation, Herndone, VA) for 1 year or more at Kaohsiung Chang Gung Memorial Hospital (CGMH), a tertiary hospital center in southern Taiwan \[[@r20]\]. Subjects who were younger than 8 or older than 18 years of age, had renewed their lens cases within 3 days before sample collection, and were unable to complete the scheduled follow-up were excluded from the study. The aims and procedures were explained to the subjects and their parents/guardians before the study, and informed consent was obtained from all subjects \[[@r20]\]. All procedures involving human subjects adhered to the principles set forth in the Declaration of Helsinki. This study also adhered to the ARVO statement on human subjects. Institutional Review Board (IRB)/Ethics Committee approval was obtained from the Committee of Medical Ethics and Human Experiments of CGMH.

Sample collection
-----------------

Subjects were asked to remove their OK after overnight wearing and then to rinse, clean, and soak the OK in their own lens cases for approximately 6 h according to their usual habits as described in our previous study \[[@r20]\]. Briefly, the subjects and/or their responsible parents/guardians brought the entire OK case, including the OK and fluids contained within the case, to our outpatient department on the same day, and the OK care system was transferred to the laboratory for assessment. After the OK was removed from the lens case, the inner surface of the case was rubbed with an aseptic cotton swab. The OK case fluids were collected by micropipettes and transferred into microcentrifuge tubes. Part of the case fluid was immediately inoculated on the culture media (see below), and the other part was stored at 0 °C for subsequent DNA extraction.

Microbiological investigation: Culture-based methods
----------------------------------------------------

Blood agar, chocolate agar, and eosin methylene blue agar (all from BBL^TM^, Becton Dickinson, Sparks, MD) were used as the standard culture system \[[@r20]\]. Ten microliters of the case fluid was then homogenously spread on each culture plate at room temperature. After incubation at 35 °C in an atmosphere containing 5% CO~2~ for 72 h, the bacteria obtained from the three culture media were identified with Gram staining, followed by standard biochemical tests for identification of bacteria \[[@r20]\]. The bioburden (CFU/ml) of each isolated strain was recorded for each case, which was used to characterize the degree of bacterial contamination in each lens case.

DNA extraction and PCR amplification
------------------------------------

The case fluid sample (1 ml) was centrifuged at 13,200 ×*g* for 10 min in a microcentrifuge tube. DNA in the precipitates was extracted using a commercial kit (DNeasy Blood & Tissue Kit, Qiagen, Valencia, CA), and then stored at −70 °C. Bacterial universal primers, designed for targeting the 16S rRNA gene of bacteria, with two forward primers (Ba2-f and Ba3-f) and one reverse primer (Ba2-r), were used ([Table 1](#t1){ref-type="table"}).

###### Primers used in this study.

  Primer   Orientation   Primer sequence (5′ to 3′)^a^   *Pseudomonas aeruginosa* Accession number KC211291
  -------- ------------- ------------------------------- ----------------------------------------------------
  Ba2-f    Forward       GCTCAACCTGGGAACTGC              604\~621 bp
  Ba3-f    Forward       GAGGGTCATTGGAAACTG              346\~363 bp
  Ba2-r    Reverse       AACCCAACATCTCACGACAC            1059\~1078 bp

^a^The target gene of the primer pairs is the 16S rRNA gene of bacteria.

After thawing, each PCR mixture (25 µl) was prepared with 2.5 μl template DNA, 0.2 μM of each forward primer, 0.4 μM of reverse primer, and other reagents obtained from the PCR kit (JMR-THS5, JMR Holdings, Inc., St. Augustine, FL). PCR amplification was performed in an automated thermocycler (GeneAmp PCR system 2700, Applied Biosystems, Foster City, CA) under the following cycling conditions: initial denaturation (95 °C for 3 min), 35 cycles of denaturation (95 °C for 30 s), annealing (55 °C for 30 s), extension (72 °C for 20 s), and final extension (72 °C for 10 min). The amplicons were examined through electrophoresis on a 2% agarose gel containing DNA binding fluorescent dye (SMOBIO Technology Inc., Hsinchu, Taiwan). Two negative controls were also run simultaneously by replacing the template DNA with human DNA (extracted from the corneal epithelium of a noninfectious keratitis patient) and a new opened multipurpose solution \[Bioclean (OPHTECS Corporation, Toyooka, Japan) multipurpose solution routinely used by these OK wearers for lens care\] in the PCR mixture. Successful amplification was indicated if a clear band of 400--600 bp appeared on the agarose gel.

PCR gel analysis
----------------

The signal intensities of the PCR products were quantified with ImageJ software (developed by Wanye Rasband, National Institutes of Health, Bethesda, MD; available at [RSB](http://rsb.info.nih.gov/ij/)). Briefly, each captured image of the PCR gel was transformed to grayscale for subsequent single-band quantification. The background for a specific PCR band was defined as the hollow rectangle area extending outward from the PCR band by about 1 PCR band width ([Figure 1](#f1){ref-type="fig"}). The sampling procedure was performed in triplicate for each PCR band and its background, and the mean pixel intensities were obtained by averaging the sampled PCR band and background gray levels, respectively. Two indices of the signal intensity of the PCR band were used: the corrected difference in the intensity of the PCR band and its background (cPCR-d) and the corrected ratio of the PCR band intensity and background intensity (cPCR-r).

![The PCR gel electrophoresis signal was analyzed with ImageJ software from digital images of the gel. A PCR band was recognized and defined visually. The background of a PCR band was defined as the hollow rectangular area extending outward by about 1 PCR band width. After grayscale image transformation, the signals of a PCR band and its background were each recorded in triplicate to determine their mean intensities. M=marker lane. HD=human DNA. MPS=multipurpose solution.](mv-v22-1-f1){#f1}

Statistical analyses
--------------------

A general linear model was applied to determine the correlation between the signal intensities of the PCR products and the culture-based bacterial bioburden. Pearson's correlation coefficient was calculated using Excel 2010 (Microsoft Corporation, Redmond, WA). Receiver operating characteristic (ROC) analysis was used to determine the threshold PCR signal intensity at the predetermined cutoff values of the bacterial bioburden determined by culture. The predetermined cutoff values were used to classify the levels of bacterial contamination as rare (≤200 CFU/ml), light (201--2,000 CFU/ml), moderate (2,001--12,000 CFU/ml), and heavy (\>12,000 CFU/ml) contamination \[[@r20]\]. Statistical significance was accepted at p\<0.05.

Results
=======

Participants
------------

The demographic data were collected based on related studies for the same project \[[@r20],[@r27]\]. A total of 41 experienced OK wearers, including 20 girls and 21 boys, participated in this study. The mean age and OK-wearing experience were 12.7±2.6 (range 8--18) years and 3.5±1.9 (range 1--8) years, respectively.

Bacterial bioburden of the OK lens cases determined by culture
--------------------------------------------------------------

The culture results were summarized according to previous related studies of the same project \[[@r20],[@r27]\]. Of the 41 samples collected, 38 (93%) were contaminated with at least one microbe. The median bacterial bioburden of each case estimated by culture was 2,600 CFU/ml (25^th^ and 75^th^ percentile, 350 and 11,000 CFU/ml, respectively). Subjects with three isolated strains (n=19; median=10,900 CFU/ ml; 25^th^ and 75^th^ percentile, 3,300 and 22,500 CFU/ml, respectively) had a significantly higher bacterial bioburden (p=0.00028) than those with fewer isolated strains (≤2 strains, n=22, median=600 CFU/ ml; 25^th^ and 75^th^ percentile, 100 and 2,225 CFU/ml, respectively). Male subjects (n=21, median=6,500 CFU/ ml; 25^th^ and 75^th^ percentile, 250 and 21,250 CFU/ml, respectively) had a significantly higher (p=0.018) bacterial bioburden than female subjects (n=20, median=1,600 CFU/ ml; 25^th^ and 75^th^ percentile, 400 and 4,625 CFU/ml, respectively). This result might be confounded by tap water--rinsing behavior because male subjects showed an increased tendency to use tap water for lens care (p=0.08). No significant difference in bacterial bioburden was found when the subjects were stratified by age.

Association between culture-based bacterial bioburden and PCR analysis
----------------------------------------------------------------------

The comparison of the bacterial bioburden determined by culture and the PCR signals from each subject is shown in [Figure 2](#f2){ref-type="fig"}. Three culture-negative subjects showed positive PCR signal intensities.

![Comparison of the bacterial bioburden (colony-forming units per milliliter \[CFU/ml\]) and two indices of polymerase chain reaction (PCR) analysis for each case. **A**: Bacterial bioburden versus cPCR-d (the corrected difference in PCR intensity, defined as the difference in the mean intensities of a PCR band and its background). **B**: Bacterial bioburden versus cPCR-r (the corrected ratio of the PCR intensity, defined as the ratio of the mean intensities of a PCR band and its background). a.u., arbitrary unit.](mv-v22-1-f2){#f2}

Both indices of the PCR analysis (cPCR-d and cPCR-r) were significantly correlated with the bacterial bioburden determined by culture ([Figure 3](#f3){ref-type="fig"}), according to the following linear models: \[bacterial bioburden=201 × (cPCR-d) + 1016\] and \[bacterial bioburden=9550 × (cPCR-r) -- 8134\]. The difference-based index cPCR-d showed a slightly stronger correlation with bacterial bioburden than the ratio-based index cPCR-r (*r*=0.79, p=5.9 × 10^−10^ and *r*=0.71, p=2.6 × 10^−7^, respectively).

![Correlation analysis between signal indices of polymerase chain reaction (PCR) bands and bacterial bioburden (colony-forming units per milliliter \[CFU/ml\]). **A**: Correlation between cPCR-d (corrected difference in PCR band intensity and background intensity) and the bacterial bioburden. **B**: Correlation between cPCR-r (corrected ratio of the PCR intensity and background intensity) and the bacterial bioburden.](mv-v22-1-f3){#f3}

ROC analysis was applied to determine the cutoff values of the two indices of PCR analysis (cPCR-d and cPCR-r) based on three predetermined bacterial bioburden levels that are commonly used in clinical practice to grade bacterial contamination ([Figure 4](#f4){ref-type="fig"}). According to the area under the curves of ROC plots, cPCR-d showed slightly better grading performance than cPCR-r (0.88−0.93 versus 0.86−0.89, respectively) and had higher sensitivity and specificity than cPCR-r (81−89% versus 78−85% and 81−89% versus 78−81%, respectively). The interpretation of the bioburden using the two indices of PCR analysis is summarized in [Table 2](#t2){ref-type="table"}.

![Determination of cutoff values of the signal indices of PCR analysis based on bacterial bioburden determined by culture. The cutoff values corresponding to the predetermined bacterial bioburden, 200 colony-forming units (CFU)/ml (**A**), 2,000 CFU/ml (**B**), and 12,000 CFU/ml (**C**) of bacteria, were determined with receiver operating characteristic plots. The performances of the cutoff values of PCR indices are summarized in the inserted table. AUC=area under curve. C.I.=confidence interval.](mv-v22-1-f4){#f4}

###### Interpretation of bioburden using the signal indices of polymerase chain reaction (PCR) analysis.

  Grade^a^   Culture       Indices of PCR^b^ analysis   
  ---------- ------------- ---------------------------- ------------
  Rare       ≤200          ≤8                           ≤1.19
  Light      201--2000     9--15                        1.20--1.35
  Moderate   2001--12000   16--28                       1.36--1.61
  Heavy      ≥12,001       ≥29                          ≥1.62

**^a^**Grade of bacterial contamination. ^b^PCR, polymerase chain reaction gel electrophoresis. ^c^cPCR-d, corrected difference in the PCR band intensity from the background. ^d^cPCR-r, corrected ratio in the PCR band intensity from the background. ^e^a.u., arbitrary unit.

Discussion
==========

The issue of lens care quality is of great importance, and rapid assessment of bacterial contamination in the OK care system is a useful method for identifying and warning wearers who practice improper lens care to prevent ocular infections. Conventional culture procedures are time-consuming and may fail because of the use of inappropriate media or due to the presence of fastidious or nonviable microorganisms. In this study, we evaluated the feasibility of PCR analysis for the rapid assessment of lens care quality by comparing the results obtained with this method to the bacterial bioburden determined by culture. Our results showed that PCR analysis is a rapid and useful alternative method for assessing bioburden, based on two novel indices: cPCR-d and cPCR-r.

PCR is a technology developed in the 1980s and is now widely applied in molecular biology to amplify a small amount of DNA across several orders of magnitude through thermal cycling \[[@r28]\]. Although real-time PCR \[[@r29],[@r30]\] is a faster and more quantitative method \[[@r31]\], it requires more sophisticated equipment and may not be cost-effective for broad assessments of the bacterial bioburden in the lens care system. We previously proposed the dot hybridization assay as a valuable tool for preventing CL-related MK by assessing bacterial bioburden of an OK lens storage case \[[@r27]\]. However, this assay requires a spotter, which limits its application for several laboratories. Therefore, the PCR analysis proposed herein, in combination with free digital image software to objectively quantify the signal intensities of the PCR gel, should serve as an inexpensive and easy method for all laboratories to assess the bacterial bioburden. Compared with the universal bacteria probes PB2 and PB3 of the dot hybridization model \[[@r27]\], the indices c-PCR-d and cPCR-r showed higher correlations with the culture results and higher sensitivity and specificity for classifying the degree of bacterial contamination into different grades of severity.

Nonetheless, there are some limitations to this study. The PCR efficiency might not be equal for different microorganisms due to differences in the DNA extraction efficiency. This factor may create a selection bias. Three subjects (case no. 3, 16, and 24) were culture-negative but PCR-positive ([Figure 2](#f2){ref-type="fig"}), indicating that PCR gel electrophoresis detected some nonviable bacteria instead of only culture-positive bacteria. However, the PCR analysis indices (cPCR-d and cPCR-r) showed high correlations with the bioburden determined by culture ([Figure 3A,B](#f3){ref-type="fig"}). Moreover, ROC analysis enabled the establishment of cutoff signals for the PCR analysis indices (cPCR-d and cPCR-r) to grade the bacterial bioburden as rare, light, moderate, or heavy ([Table 2](#t2){ref-type="table"}) with high sensitivity and specificity.

In conclusion, we developed a PCR-based analysis method for assessing the bacterial bioburden of OK lens cases, which is easy to implement, rapid, and effective for identification of improper contact lens care to promote improved lens care quality. This method should be useful to prevent OK-related MK by enabling rapid assessment and feedback for the growing population of OK wearers.
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